Abstract. Angiogenesis in the peritumor tissue of glioblastoma (GBM) is still an open field of research. This study investigates neovascularization in the tumor surrounding areas by examining CD105 and nestin expression along with microvessel density (MVD) with the aim of establishing their possible prognostic significance. Angiogenesis was also confirmed by investigating, in vessel walls, the presence of pericytes, which are multipotent stem cells, expressing ·-smooth muscle actin (·-SMA). In our study, including 40 GBM patients, tissue samples were obtained from tumors (first area) and white matter at a distance <1 cm (second area) and between 1 and 3.5 cm (third area) from the tumor margin. CD105 and nestin were detected by immunohistochemistry in hyperplastic endothelium of GBM and peritumor tissue, and occasionally coexpressed or colocalized. Pericytes encircling hyperplastic endothelium were evident in all three areas. Univariate analysis revealed that patients with a CD105-MVD value ≥8 in the third area have a significantly shorter survival time and Cox analysis indicated an about 3.5-fold increase in death risk in the same patients. These results demonstrate that a tumor neoangiogenesis occurs in GBM peritumor tissue with intimate involvement of pericytes. CD105-MVD in the area located at a greater distance from the tumor margin carries prognostic significance.
Introduction
Tumor growth and metastasis require adequate vascularization. Glioblastoma (GBM) is among the most vascularized tumors. Different mechanisms have been proposed in determining the vasculature characteristics (1) . Specifically, a model of tumor progression defining the relationship between angiogenesis and the development of pseudopalisading necrosis, which represents a peculiar histopathological feature of GBM, has been suggested (2) . According to this model, vascular occlusion, provoked by infiltrating tumor cells, induces hypoxia with a central necrosis surrounded by neoplastic elements which, in turn, produce hypoxia-inducible factors responsible for exuberant angiogenesis. In regions adjacent to hypoxia, this response creates microvascular proliferation (2) , that typically appears as glomeruloid tufts (1) . Microvessel morphology also depends on tumor size and in larger neoplasias appears chaotic (3), with angiogenic activity that is very high next to the tumor margin and decreases towards the center of the tumor (4, 5) . Vascular glomeruli have also been observed in the white matter surrounding the tumor but less frequently in the cortex. The number, caliber and wall thickness mean values of vessels in peritumor white matter are significantly higher than those of the normal brain (6) . The area adjacent to the tumor margin, where the angiogenic response has been observed, represents the invasion front into the neighboring tissue. In this area, differences in the level of various molecules involved in enhanced cell proliferation, edema and invasiveness have been observed (7) (8) (9) (10) (11) .
These findings suggest that the peritumor compartment undergoes significant modifications in terms of vascularization and biomolecular features. Nevertheless, all the above reports do not define the areas of peritumor tissue used for analysis, nor their distance from the tumor edge. In this regard, we recently showed in peritumor tissue, up to 3.5 cm from the tumor margin, the presence of phosphorylated (p) extracellular signal-regulated kinases (ERKs) and c-Jun NH 2 terminal kinases (JNKs) (12, 13) regulating cell proliferation, differentiation, motility and apoptosis (14) . The neural stem cell marker nestin was also expressed in the same tissue. Both kinases and nestin were present not only in activated astrocytes but also in apparently normal glial cells. In addition, the pJNK/nestin and (pJNK/total JNK)/nestin ratios at a distance <1 cm from the tumor border have been shown to carry a prognostic significance in GBM patients (13) .
Markers of endothelial activation, such as pERK1/2, pJNKs and nestin, are expressed in the vessel walls of both GBM and peritumor areas (12, 13, 15, 16) and their expression may be induced by growth factors and chemokines secreted by tumor cells, which diffuse in the peritumor areas and are presumably involved in the rapid turnover of the endothelial cells.
To test the hypothesis that the angiogenesis occurring in peritumor areas is devoted to tumor progression, we investigated it in the peritumor brain tissue by analyzing the expression of nestin and CD105.
CD105 is a 180-kDa integral membrane glycoprotein, which is an accessory component of the receptor complex of transforming growth factor-beta (TGF-ß) (17) . CD105 expression has been successfully used to investigate tumor angiogenesis in various neoplasias, including GBM, non-small cell lung and prostate cancer. CD105 appears to be able to distinguish between normal vessels and malignant neovascularization (18) (19) (20) (21) .
In our study, microvessel density (MVD) was also evaluated both in GBM and peritumor tissue and correlated with prognosis. Finally, a further characterization of vascular morphology was performed by immunohistochemical detection of ·-smooth muscle actin (·-SMA), a specific marker of pericytes. These cells have recently been demonstrated to possess stem cell properties (22, 23) .
Patients and methods
Patients and tissue samples. This study involved 40 adult patients with primary supratentorial GBM who underwent surgery at the Institute of Neurosurgery of the Catholic University in Rome. Based on the patients' clinical history, the GBMs were considered as primary. In fact, the time-interval between first symptom-signs of disease and admission to hospital was very short in all cases and patients had a rapid clinical progression of disease. Neuronavigation and intraoperative ultrasound were used to define and maximize the extent of intracranial tumor resection. Tumor and neighboring apparently normal tissue were removed en bloc. The surgical specimens were cut and opened in a book-wise fashion. By this technique, the difference between tumor border and its surrounding apparently normal white matter was evident (24) , which made easy the definition of the distance from tumor border to peripheral white matter where the samples could be taken. Early contrast MRI (within 24/48 h after surgery) confirmed both the complete removal of the enhanced lesion (no residual contrast enhancement) and the extent of resection over it.
Tissue samples were obtained from the area of the tumor without hemorrhage and necrosis (first area), white matter at a distance <1 cm (second area) and between 1 and 3.5 cm (third area) from the macroscopic tumor border. The larger resections were done in tumors growing far from eloquent areas. Nevertheless, neoplasm anatomic location did not always allow us to obtain samples from the three areas; 40 tissue specimens were derived from the first, 34 from the second and 29 from the third area. Thirty-five days after surgery (range 30-40 days), all patients underwent irradiation and chemotherapy performed according to literature (25) . Informed consent to use tumor and peritumor material as well as clinical data for research purposes was received from all patients.
Histological analysis. All samples were fixed in 10% formalin immediately after excision and processed for paraffin sections. Specimens were histologically assessed using H&E sections by an expert pathologist (Libero Lauriola). Neoplastic cells were identified by their nuclear atypia and heteropycnotic staining. Reactive astrocytes were recognized by dendritic morphology of their abundant eosinophilic cytoplasm and large eccentric nuclei (26) . Tumors were classified according to the World Health Organization (WHO) criteria (27) .
Immunohistochemistry. Paraffin-embedded tissue sections (5-μm thick), from tumor and peritumor samples, were deparaffinized and rehydrated, and the antigens were retrieved by pronase digestion (ProTaqs ® Pronase Digest, Germany), for CD105 detection, and by microwaving in sodium citrate buffer (pH 6.0) for nestin, while no antigen retrieval was required for ·-SMA. After blocking, sections were incubated with the following mouse monoclonal antibodies: anti-CD105 (clone SN6h; 1:10; DakoCytomation Inc., Carpinteria, CA, USA) for 2 h at room temperature (RT), or anti-nestin (clone 10C2; 1:200; Chemicon International, CA, USA) overnight at 4˚C or with anti-·-SMA (clone HHF35; 1:100; DakoCytomation Inc.) for 1 h at RT. Subsequently, slides were incubated with HRP polymer (SuperPicTure Polymer Detection Kit, Invitrogen, Camarillo, CA, USA). The immunoreaction was visualized with DAB (Vector Laboratories, Inc., Burlingame, CA, USA) as the chromogen. The nuclei were lightly counterstained with Mayer's hematoxylin. Negative controls were set up by omitting the primary antibodies.
Quantification of angiogenesis. MVD of the tumor and peritumor tissue was assessed by light microscopic analysis (Axioskop 2 Plus, Zeiss, Göttingen, Germany). Areas of highest neovascularization (hot spots) composed of capillaries and small venules (microvessels) were identified by scanning the sections at low power (x100) and selecting those areas with the greatest numbers of CD105-or nestin-positive microvessels. Individual microvessel counts were then made on a x200 field (0.78 mm 2 per field with the field size measured with an ocular micrometer).
Single endothelial cell and larger vessels, independently of the calibre, were considered in the counts (28, 29) . Five hot spot fields were counted and the average was regarded as the MVD of that section (30) . CD105-MVD was evaluated in both tumor and peritumor tissue. It was not feasible to determine nestin-MVD in the first area due to the high nestin expression in the majority of neoplastic cells of GBM. For this reason, it was evaluated in the peritumor areas only. All counts were performed by two investigators.
Confocal microscopy. Cryostat sections of two tumor and peritumor tissue samples were fixed in formaldehyde 1%.
To determine co-expression of CD105 and nestin, double staining procedure was achieved using the antibodies described Table I . Clinicopathological characteristics of the 40 adult patients with primary GBM. 
M, male; F, female; KPS, Karnofsky performance status; RT, radiotherapy; CH, chemotherapy; DOD, dead of disease; DOOC, dead of other causes.
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above. After blocking, tissue sections were incubated with anti-nestin antibody for 72 h at 4˚C. They were then incubated with secondary antibody conjugated with red fluorescent cyanine (donkey anti-mouse Cy3; 1:200; Jackson Immunoresearch Laboratories, West Grove, PA, USA) for 2 h at RT. Before the incubation with anti-CD105 antibody, an additional blocking step was performed with goat antimouse FAB-fragments (1:1000; Dianova, Hamburg, Germany) for 1 h at RT. Subsequently, slides were incubated with the secondary antibody (donkey anti-mouse Cy2; 1:200; Jackson Immunoresearch Laboratories) conjugated with green fluorochrome. Primary antibodies were omitted for negative controls. The colocalization of markers was examined with Zeiss LSM 510 confocal laser scanning microscopy system.
Statistical analysis. The statistical analyses were carried out using SPSS software version 15.1. The following nonparametric tests were applied to find statistically significant differences among groups: Kruskal-Wallis test to compare the CD105-MVD among the three areas; Mann-Whitney (unpaired data) and Wilcoxon signed rank (paired data) tests, in order to find differences in CD105-MVD between two areas. The latter two tests were also utilized to compare the nestin-MVD in the peritumor areas. Spearman's correlation was used to assess the relationship between CD105-MVD and nestin-MVD in the peritumor areas.
Patients' survival rates were determined by the KaplanMeier method. Survival time was computed from the date of surgery to the date of death or the last follow-up for patients still alive. The correlation between age (<60 and ≥60 years), KPS (KPS=80 and KPS=90-100), extent of resection of T2 abnormality (<1 cm and ≥1 cm), gender, biological variables, and survival was analyzed using the log-rank and Breslow tests. Patients were dichotomized into two groups, based on the median value of each biological variable as the cut-off point. For those factors showing an association with survival at univariate analysis, a multivariate analysis was conducted (Cox proportional hazards model). Stepwise (backward elimination) procedure was used. For all tests, the level of statistical significance was set at p<0.05.
Results
The clinicopathological characteristics of the patients are reported in Table I . Patient (20 females and 20 males) age ranged from 20 to 75 years (mean 59.8 years) and median KPS was 90 (range 70-100). At the time of the survival analysis, of the 40 patients 5 were still alive, 29 had died of cancer and 6 had died of other causes.
Expression of CD105, nestin and ·-SMA in tumor and peritumor areas. In the tumor area, typical features of marked hypercellularity, nuclear atypia, frequent mitoses, and vascular proliferation were observed (Fig. 1A) . The majority of GBM vascular formations were represented by hyperplastic microvessels as solid-glomeruloid, channeled-branching and channeled-telangiectatic vessels, in agreement with literature (31) . Peritumor areas were characterized by a decrease in cell density. Neoplastic appearing cells were present in various percentages (Fig. 1D and G) or absent (Fig. 1J) , apart from apparently normal glial cells and reactive hypertrophic astrocytes. Furthermore, vascularization in the peritumor tissue resembled that seen in GBM.
CD105 immunoreactivity was detected in both tumor (Figs. 1B and 2A) and peritumor tissue (Figs. 1E, H and K and 2B, C and D). The expression was revealed by an intense cytoplasmic staining and was restricted to endothelial cells of vessels of different size. In peritumor areas, CD105 immunostaining was present in microvessels of small size and in hyperplastic microvessels, which resembled those found in the tumor. These microvessels appeared like solid-glomeruloid vessels (Fig. 1E) , channeled-branching vessels (Fig. 1H) , and channeled-telangiectatic vessels (Fig. 1E, H, and K) . Labeled cells were hypertrophic showing large, plump, elongated or ovoid nuclei that clumped up inside of vascular lumina ( Fig. 2A-D) , as described in the literature (32) . Importantly, immunoassaying was independent of the presence of infiltrating tumor cells (Figs. 1K and 2D) .
As previously reported by our group (13), cytoplasm nestin immunoreactivity was detected in the majority of neoplastic cells of the first area (Fig. 1C ) and in few cells of the second and third areas (Fig. 1F, I and L), including neoplastic elements, reactive glial cells and apparently normal cells (Fig. 2E-G) . Nestin decorated endothelial cells of both microvessels and hyperplastic microvessels (Fig. 1F,  I and L). Hypertrophy of endothelial cells, analogously to that visualized by CD105 expression, is shown in Fig. 2E -G. The immunoreactivity of nestin was observed both in the presence (Figs. 1F, and I, 2E and F) and in the absence (Figs. 1L and 2G ) of neoplastic cells.
Confocal microscopy analysis of double-labeled samples revealed CD105 and nestin co-expression in some vessels present in the three areas examined. In particular, in the tumor area endothelial cells expressed CD105 mainly visible near the vascular lumen ( Fig. 3C and F) , while in the peritumor tissue (third area), CD105 and nestin immunoreactivity overlapped (Fig. 3I) .
Finally, the vessel walls revealed the presence of pericytes with intense cytoplasmic staining for ·-SMA. Also, these cells encircled endothelium with their projections and sometimes seemed to clump up inside vascular lumina (Fig. 2 H-J) .
MVD in GBM and peritumor tissue. CD105-MVD was higher in the first area compared with the second and the third ones (Table IIA) . The Kruskal-Wallis test demonstrated a difference in CD105-MVD among the three areas (p<0.001). Similarly, the Mann-Whitney and Wilcoxon signed rank tests revealed a difference between the first and the second areas (p<0.001) and between the first and the third areas (p<0.001). These results indicated that the differences are present not only between the areas considered together, but also in the different areas of the same subject. Both the latter tests showed no differences between the second and the third areas (p=0.091 and 0.052, respectively). The Mann-Whitney test did not reveal any difference in CD105-MVD in the two peritumor areas in relation to the presence or absence of tumor cells (p=0.259 and 0.104, respectively; Table IIB ). Nestin-MVD showed no differences between the second and the third areas (p=0.369 and 0.424, Wilcoxon signed rank and Mann-Whitney tests, respectively) ( Table IIA) . The Mann-Whitney test did not reveal any difference in nestin-MVD in the two peritumor areas in relation to the presence or absence of tumor cells (p=0.849 and 0.228, respectively; Table IIB ). Nestin-MVD was higher than CD105-MVD only in the third area (p=0.031, Wilcoxon signed rank test).
A positive correlation was observed between CD105-MVD of the second and that of the third areas (p=0.003, Rho=0.583, Spearman's correlation), and between nestin-MVD of the two peritumor areas (p=0.031, Rho=0.449, Spearman's correlation).
No correlation was observed between CD105-MVD and nestin-MVD in the two peritumor areas (p=0.060 in the second area; p=0.434, in the third area, Spearman's correlation).
Survival analysis. The Kaplan-Meier analysis was performed on 35 patients, because patients who did not receive radiochemotherapy were excluded (Table I ). The analysis indicated that KPS, extent of resection and gender were not associated Figure 1 . Location of CD105 and nestin in microvessels of GBM and peritumor tissue. Sections from: first area (A-C), second (D-F) and third areas (G-I) with neoplastic appearing cells, third area (J-L) without neoplastic appearing cells. H&E staining in first area (A), in second (D) and third area (G) with scant cells exhibiting moderately atypical nuclei suspected for neoplasia (black arrow), in third area (J) without neoplastic cells. CD105 immunoreactivity was observed in various hyperplastic vessels of the first (B), second (E), and third area with (H) or without (K) neoplastic cells. Nestin was detected in neoplastic cells and in endothelium of different types of hyperplastic vessels in the first area (C). In the second (F) and third area with (I) or without (L) neoplastic cells, nestin labeled endothelial cells of microvessels and reactive astrocytes (black head arrow). Red arrows, solid glomeruloid vessels; blue arrows, channelledtelangiectatic vessels; orange arrows, channelled-branching vessels; green arrows, small microvessels. Original magnification, x200 (A-L). Hematoxylin counterstain.
with survival. Significant associations were found between survival and age-group (≥60 vs <60 years), and between survival and CD105-MVD in the third area. In fact, the median survival was better for patients with age <60 (19 vs 12 months; Figure 2 . Features of CD105, nestin and ·-SMA expression in GBM and peritumor areas. In the first area (A), tumor microvessels showed intense cytoplasmic CD105 staining in endothelial cells; CD105 was not detected in tumor cells. In the second (B) and third (C) areas, CD105 was strongly expressed in the cytoplasm of hypertrophic endothelium, which showed nuclei with a large and ovoidal morphology, but not in neoplastic appearing cells (black arrow). In the third area without neoplastic cells (D), CD105 strongly expressed is present only in endothelium. In the second (E) and third area (F) with neoplastic cells, nestin was seen in hyperplastic microvessel endothelium, in tumor cells (black arrow), and in apparently normal cells (open arrow). In the third area without neoplastic cells (G), nestin was evident in endothelium and in the reactive astrocytes with cytoplasm extensions (black head arrow). Intense cytoplasmic staining for ·-SMA of pericytes was seen in the first (H), second (I) and third (J) area. Original magnification x630 (A-J). Hematoxylin counterstain. Table II . A, CD105-MVD in the first area and peritumor areas, nestin-MVD in peritumor areas. 
B, CD105-and nestin-MVD in peritumor areas in relation to neoplastic cells.
2nd area with 2nd area without 3rd area with 3rd area without tumor cells tumor cells tumor cells tumor cells 
a p<0.001 vs. 1st area, Wilcoxon and Mann-Whitney tests.
.006 log-rank test; p=0.011, Breslow test) (Fig. 4A) . The median survival was also better for patients with CD105-MVD values <8.0 compared to patients with CD105-MVD values ≥8.0 (15 vs 10 months; p=0.026 log-rank test; p=0.013, Breslow test) (Fig. 4B) . Moreover, CD105-MVD values ≥8.0 in the third area were independently associated with survival after the adjustment for age-group, sex and KPS included in the Cox model (HR of 3.37; 95%CI=1.24 -9.10; p=0.017). Age was also found to be independently associated with survival (≥60 vs <60 years: HR = 3.32; 95%CI: 1.24-8.87; p=0.016).
Discussion
The results of this study indicate that peritumor tissue located not only immediately around the tumor margin, as reported in literature, but also at a considerable distance, harbors a florid microvascular proliferation. This microvasculature carries the same characteristics as those seen in GBM and is independent of the presence of morphologically detectable neoplastic cells.
Microvessels and hyperplastic microvessels, which are composed of hypertrophic endothelial cells that protrude into the lumina causing their restriction, are present. Pericyte-like cells, showing a strong positivity for ·-SMA, surround the endothelium. They may stabilize new formed microvessels, be pioneers in the sprouting process or replicate under the stimulus of growth factors and differentiate into endothelial cells, smooth muscle cells as well as cells displaying the antigenic properties of astrocytes, neurons, and oligodendrocytes (22, 33, 34) . Endothelial cells express both nestin and CD105 which show different localization in tumor vessels compared with vessels of the tissue surrounding GBM, which warrants further investigation.
In peritumor areas, no significant difference exists between nestin-and CD105-MVD, independently of the presence of tumor cells. Nevertheless, the existence of neoplastic elements in both the second and the third areas, seemed to increase CD105-MVD without influencing nestin-MVD. This strengthens the idea that CD105 expression is linked to tumor angiogenesis, while nestin is generally associated with endothelial activation.
A positive correlation for both nestin-and CD105-MVD between the second and the third areas was found. In addition, it is conceivable that in the third area endothelial activation testified by nestin-MVD may precede the acquisition of tumor characteristics by endothelium, revealed by CD105-MVD.
Notably, patients' survival was influenced by the values of the CD105-MVD in the third area, i.e., the tissue at a greater distance from the GBM border. In fact, patients with CD105-MVD values <8.0 compared with patients expressing higher MVD values showed a better median survival (15 vs 10 months). In addition, patients with CD105-MVD values ≥8.0 had an about 3.5-fold higher risk of death.
Our findings revealed that the vascular characteristics of peritumor areas may have a prognostic value in addition to those of the neoplastic tissue. This is in complete agreement with our previous findings showing that JNK and nestin expression in the second area correlates with patients' survival (13) .
Furthermore, these findings could lead to new therapeutic strategies not only directed at eradicating gross tumor but also at targeting invasive cells in apparently normal tissue, as well as de-differentiated elements and vascular structures that may support disease progression (35) .
Anti-angiogenesis-based therapeutic approaches for glioma are underway in several clinical trials with controversial results (36, 37) . Nevertheless, a CD105 nanobody-based treatment has recently proven to be effective in inhibiting endothelial cell proliferation and capillary-like structure formation offering high specificity towards tumors and reducing side effects (38) .
While our particular sampling technique limited us to enroll all the patients operated on for GBM, this study provides unique information regarding peritumor tissue neoangiogenesis, with an appreciable number of observations concerning areas at various distances from the tumor margin. Figure 4 . The Kaplan-Meier plots depict the differences in survival when patients were dichotomized into two age groups (≥60 vs <60 years) or by the median value of CD105-MVD in the third area. The median survival was better for patients <60 years of age (19 vs 12 months) (A), and for those patients with CD105-MVD <8.0 compared to patients with CD105-MVD values ≥8.0 (15 vs 10 months) (B).
